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Abstract
The cost, emissions, and energy consumption of electric vehicles (EVs) are
modeled using a life cycle framework, which examines all phases of vehicle life from the
mining of raw materials to the ultimate disposal of the vehicle at the end of its useful life.
The life cycle impacts of electric vehicles are compared to conventional gasoline vehicles
and ultra low emission vehicles (ULEVs) in an attempt to determine which approach
minimizes environmental impact.
On a unit vehicle basis, EVs are found to produce least amount of carbon dioxide,
hydrocarbons, NOx, and carbon monoxide of the three vehicles under study. However,
EVs are the most expensive, consume the most energy, and produce the most particulate
and sulfur emissions. Furthermore, they may result in more landfill than the other two
vehicles if low volume production is assumed.
Given that the costs of EVs and ULEVs are different, a comparison of
environmental impact for a given amount of spending is analyzed. ULEVs cost roughly
$500 more than an conventional gasoline powered vehicle, while EVs cost from $6,000 to
$27,000 more, depending on the choice of assumptions. Using conservative assumptions,
the cost of selling 2% to 10% of the new vehicle fleet as electrics is the same as the cost
of selling 100% of the fleet as ULEVs. Comparison of these two fleets shows that the
ULEV option consumes less energy and produces less of each type of emission except for
CO 2.
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CHAPTER 1. INTRODUCTION
Environmental thinking to date can be characterized as having a "man on the
moon" approach to problem solving. Complicated and timely problems have been
attacked piecemeal by impassioned individuals, corporations, and government agencies
with the same spirit that the United States launched the Apollo project in 1969.
Unfortunately, environmental agendas are so diverse and far reaching that they often
come in direct conflict with one another. As this thesis will show, a reduction in one
environmental hazard may result in an increase in another. And in most cases,
environmental efforts involve some form of financial cost. Given the magnitude of these
costs, and the number of alternative approaches competing for limited funds, the burden
of cost can no longer be ignored.
This thesis, for the first time, will present a complete evaluation of an
environmental topic of urgent importance. Separate impacts are not viewed separately,
but rather as components of a greater whole. The specific issue under study is the electric
vehicle (EV), which has been mandated by California's Air Resources Board (CARB) for
the 1998 model year. Although the mandate was intended to reduce levels of carbon
monoxide (CO), oxides of nitrogen (NOx), and hydrocarbons in the air, the mandate will
also affect levels of other airborne emissions, energy consumption, and landfill. But more
importantly, the mandate will have far reaching economic effects. The cost of
implementing the EV mandate may in fact achieve better environmental "value" if spent
on other vehicle emission reduction techniques.
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The topics environmental attributes of interest in this report are those that are most
relevant to the automotive industry. Here, relevancy results from urgency or potential
urgency. Smog has received the most attention in this respect, as it is a visible and
dangerous health hazard affecting tens of millions of people annually in the Unites
States.l The emissions primarily responsible for smog are those that are already regulated
by various state and federal organizations: carbon monoxide (CO), oxides of nitrogen
(NOx), and hydrocarbons (HCs).2 Another airborne emission of concern is particulate
matter, which is believed to cause cancer.3 Oxides of sulfur (SOx) are known to cause
acid rain, and are therefore of grave concern.4 And finally, carbon dioxide (CO2) is
believed to contribute to global warming, although emissions of this gas are not yet
regulated by any agency in the U.S. or elsewhere.5
In addition to airborne gaseous emissions, solid emissions are created in the form
of landfill. Landfill has become a serious issue in the automotive industry primarily
because in some regions it may soon be classified as hazardous material. Any non-metal
substances which enter the shredder may emerge in the pile of materials destined for the
landfill (this stream of material is known as automotive shredder residue, ASR).
Substances such as oils, acids, coolants, gasoline, and paint which enter a landfill may
eventually leak out and threaten the surrounding water table and wildlife. Landfill is also
becoming a problem in areas which have limited space available.
Should ASR become classified as hazardous by state or federal legislatures,
landfill tipping fees (the fees charged to the shredder operator for use of the landfill) will
skyrocket. Even limited landfill availability may cause tipping fees to rise in the future.
Such a prospect is potentially disastrous for the auto recycling industry.
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A final environmental concern is energy. While energy prices remain low and the
discovery of oil and natural gas continues, legitimate fears of an eventual energy shortage
remain.
But in addition to the environmental attributes listed above, the costs associated
with environmental policy decisions is also of vital importance. Society can spend only a
limited amount of its wealth on environmental goals without collapsing financially.
Prudent selection of those policies with the greatest added value is essential for the
efficient allocation of scarce environmental dollars.
Policy analysis must include the entire scope of the issue at hand. The above
mentioned attributes of concern must be determined at all stages of the policy, rather than
at a single instant. By widening the scope of analysis to include all relevant
environmental attributes and all life cycle stages, a more accurate assessment of the
impact of a policy can be made. For this reason, life cycle analysis is used to incorporate
the entire life span of a single vehicle, from the mining of the material to the production,
operation, maintenance, and finally the eventual disposal.
This is not enough, however. An "all or nothing" approach will only show how a
given policy will differ from the current situation. Alternative approaches to the same
problem must also be considered. In this case, ultra low emission vehicles (ULEVs) are
considered as a potential alternative approach to vehicle environmental impact reduction.
ULEVs are essentially conventional gasoline vehicles with enhanced catalytic converters
which eliminate much of the initial cold start emissions. ULEVs are discussed in detail in
Section 3.3.
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1.1. Background
While conventional gasoline vehicles have come a long way in terms of energy
and emissions reduction, three factors limit the effectiveness of such incremental
improvements. First, reduction in emissions and energy consumption have been largely
offset by the increase in vehicle miles traveled. Consumers continue to drive further
distances more frequently for a number of societal reasons. Second, vehicles tend to
degrade over time, and the inspection and maintenance efforts necessary to ensure that
vehicles remain in their initial condition are overwhelming. And finally, there exists no
methodology for evaluating a safe or desirable level of emissions or energy consumption.
In light of these three shortcomings, complete elimination of unwanted environmental
impacts is often thought to be the only acceptable environmental goal. Further
improvements on the conventional vehicle will merely fall victim to the three difficulties
above.
1 .1.1. Electric vehicle mandates
The current interest in electric vehicles stems from the California Air Resources
Board (CARB) mandate that 2% of the vehicles that auto manufacturers must sell in 1998
produce zero emissions. The volume increases to 5% in 2001 and 10% in 2003. A
number of creative design approaches have been proposed to store or generate energy
without producing emission, although to date only electric vehicles have demonstrated
promise in meeting the mandate. Electric vehicles of all sorts have in fact existed for over
100 years, indicating that the California mandate is feasible on a technological level. This
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demonstration of electric vehicle technology was a key input in the decision making
process which resulted in the CARB zero emission mandate.
The responsibility to sell EVs rests with the manufacturers, as they must not only
produce and offer EVs for sale, but they must also sell at least the given percentage to
avoid a monetary penalty of $5000 per vehicle below the mandated level. The CARB
legislation does not address how consumers should use the electric vehicles after the time
of sale.
In addition to California, the 12 Northeast states have taken steps to copy CARB's
mandate. All states must comply with the 1992 Federal Clean Air Act (CAA) which
mandates total emissions levels but leaves compliance strategies up to individual states.
Meeting CAA requirements is necessary for continued federal funding of infrastructure
and other state initiatives.
Outside the United States, other nations, such as Taiwan, are considering electric
vehicle requirements.6 Suddenly the whole nation is watching California. Success or
failure in this initial proving ground will determine the viability of electric vehicles as a
mass produced consumer product.
1.1.2. Electric vehicle history
Although the first electric vehicle mandates will not go into effect until 1998, EVs
have been in use for more than 100 years. In the years following their first demonstration
in 1882, electrics were far more popular than their gasoline powered counterparts mainly
because they were simpler and more reliable. However, as internal combustion energy
technology progressed in the early 20th century, gasoline vehicles became far more
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prevalent for a number of reasons, the most significant of which was range. Gasoline
powered vehicles could achieve a range of several hundred miles, while electrics were
limited to about 50 miles. This single factor more than any other led to the demise of
EVs. And despite technological improvements in battery capabilities, motor design, and
electronic control, range has not improved beyond that of early vehicles. (see table
below). Progress has been limited by battery technology. Specifically, the battery energy
density, which is the amount of energy that can be stored per unit of weight, has not
improved significantly.
Table 1. Range and speed of select electric vehicles, 1882-1993.
year vehicle name city range (miles) top speed (mph)
1882 Ayrton and Perry electric tricycle 10-25' 9*
1895 Baker and Elberg electric wagon 50* 15-18*
1977 Volkswagen Comercial (electric bug) 30-50* 42*
1993 GM Impact 70** 75**
* from Wakefield? ** manufacturer's claim
By the 1910's, Henry Ford's decision to manufacture only gasoline powered
vehicles all but eliminated electric vehicles from the mass market. Not until the energy
crises of the 1970's did electric vehicles reappear as an alternative to conventional
gasoline powered vehicles. The result of the energy crises, however, was to improve the
fuel efficiency of gasoline vehicles to a fleet average of 27.5 miles per gallon from 16
miles per gallon before the oil shocks. With the weakening of OPEC and the stability of
oil prices in the late 1970's and 1980's, there was little justification for continued interest
in EVs.
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More recent events, however, have transpired to once again bring EVs into the
spot light. Severe air quality problems, most notably in Los Angeles, have been linked to
vehicle emissions.8 In addition, fears of the much debated global warming theory have
raised questions about the long term implications of dependence on fossil fuel as a source
of energy. Electric vehicles have been proposed as a strategy to reduce both harmful
emissions and energy consumption.
California's EV mandates, discussed above, are but the first of many proposals to
reintroduce a technology which has already twice been rejected by consumers and
producers. However, current circumstances are very different from those of the past.
Urban air quality has, in some cases, deteriorated to an unacceptable level despite
numerous and costly attempts to limit airborne emissions.9 Proponents of EVs argue that
drastic and potentially unpopular action is necessary to combat environmental woes. And
if urgent and sustained attention and resources are devoted to electric vehicle technology,
there remains the possibility that EV performance and price will improve to the level of
conventional vehicles and beyond. California's EV mandates have created the potential
for a multi-billion dollar EV market which has in turn resulted in billions of dollars in
public and private sector research and development. Much of this effort has focused on
battery technology, which is widely recognized as the factor limiting performance.'0
1.1.3. EV capabilities
As mentioned above, electric vehicles have been in production for decades.
Current models, such as the GM Impact and the Ford Ecostar, perform much like
conventional vehicles with two notable exceptions. First, the total energy available is
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limited to battery storage constraints. This limits range to below 100 miles, and severely
restricts the use of appliances such as the air conditioner and heater. Recharging the
batteries normally takes hours, although a "quick charge" at higher voltage can partially
charge the battery in a matter of minutes. The disadvantages of quick charging are that it
may shorten the life of the battery, the high voltages may be dangerous to the user, and
charging efficiency is reduced.
A second difference between EVs and conventional gasoline vehicles is cost.
Again, the battery is at the center of this issue. Batteries are much more expensive than
comparable gasoline power systems, and batteries typically need replacement before the
end of the useful vehicle life. The high power electronics and light weight materials
needed in EVs also adds cost. Cost is discussed in more detail in Section 3.3.1.
1.1.3.1. Consumer acceptance
The success of electric vehicles depends ultimately on market performance.
Although mandates may put tremendous financial and political pressures on automakers
to sell EVs, these pressures alone will by no means guarantee that consumers will buy the
vehicles. The current regulations in California and the Northeast place the burden for sale
squarely on the manufacturers. However, if manufacturers are unable to sell the required
number of units, they will be forced to discount the price below cost, and will suffer a loss
on every vehicle sold. One Ford executive estimates that this loss will amount to $10,000
per vehicle." Consumers will pay for this loss, in one form or another, most likely
through higher prices for other vehicles. Manufacturers may, in effect, subsidize electric
vehicles with the rest of their sales. Since the elasticity of demand for autos is high, such
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a strategy may have the unfortunate outcome that consumers will hold on to their older,
more polluting cars longer before buying a replacement.
There is also speculation that state and regional governments will help ease the
financial burden by granting direct subsidies or tax write-offs for electric vehicle owners.
Again, consumers will pay for these subsidies through higher taxes or government cut
backs in other services.
A third response to selling vehicles at a loss is refusal on manufacturers' behalf to
comply. Although California and the Northeast represent large markets, there is the
remote possibility that producers will be unable to operate profitably in the regions under
the proposed mandates, and will either violate the regulations or exit the market.
The willingness of consumers to buy electric vehicles and the amount of the
various losses or subsidies will depend largely on the price of owning and operating the
vehicles. Given that the performance and convenience are well known, at least for the
first generation of EVs, price is one of the few variables that can be adjusted to lure
potential buyers.
The price consumers are willing to pay is therefore extremely important. A
number of market research studies attempt to calculate this price. An especially revealing
survey by Cambridge Reports Research International indicates that consumers, on
average, would not even consider owning an EV unless the life cycle cost of ownership is
15% less than a comparable gasoline vehicle. The report also indicates how many
consumers would consider buying EVs over a range of costs. Unfortunately, it is
impossible to determine exactly how many potential consumers will actually buy an EV.
Since car buyers typically consider several cars when making a purchase, it is assumed
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that at most 25% and as few as 10% of these potential buyers will ultimately decide on an
EV. Using these assumptions, the Cambridge Reports data indicates the following prices
consumers will be willing to pay:
Table 2. Price (as compared to gasoline vehicle) consumers are
willing to pay for EVs for three fleet sizes.
fleet potential buyers actual buyers actual buyers
penetration (upper bound)* (lower bound)**
2% (1998) 100% premium 10% premium same price
5% (2001) 50% premium same price 15% discount
10% (2003) 10% premium 10% discount 90% discount
* based on the assumption that 25% of potential EV consumers will buy an EV.
** based on the assumption that 10% of potential EV consumers will buy an EV.
The above data reveals that in 1998, consumers will pay the same to 10% more for
EVs. As the mandated market expands in 2001, prices must be 15% less or the same as a
comparable gasoline vehicle. By 2003, a discount of 10%-90% will be necessary. All of
these calculations are based on current consumer preferences and current EV capabilities.
Should technological advances improve performance, range, or convenience, it is
expected that less discounting will be necessary.
While the above analysis offers insight into EV pricing, there is no way to
determine the pricing with any accuracy. In today's highly competitive auto market,
consumers are extremely unpredictable and overly sensitive to seemingly inconsequential
details. A trendy color or interior gadget can greatly influence sales of a vehicle. In
contrast, major performance capabilities and features of EVs are not nearly as clear, and
hence the above market research offers little more than a range of estimates.
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Fortunately, better estimates of feasible EV pricing are forthcoming. Both Ford
and GM are conducting pilot programs in which potential consumers test drive EVs for a
trial period. Last November, Ford delivered 81 electric Ecostar vans to fleet customers in
six cities. An ongoing thirty month evaluation will document rigorous, real world
experiences of the vehicles and impressions by the users. 2 GM, meanwhile, plans to lend
30 of its sporty Impact electric vehicles to community leaders and potential customers for
periods of two to four weeks. In all, hundreds of individuals will test the vehicles and
give their reactions.3 Once people are able to use the vehicles on an everyday basis, a
more accurate assessment of consumer acceptance can be made. The results of these
studies should appear in the coming year.
1.1.3.2. Research
As discussed earlier, electric vehicles are inferior to gasoline vehicles in terms of
range, convenience, and cost. However, it is entirely possible that advances in battery
technology will reduce or eliminate the disadvantages. In fact, there is even the outside
chance that EV capabilities will surpass those of gasoline vehicles. Much of the debate
surrounding the EV issue deals with this potential for technology improvement. Although
they have not achieved mass market success despite a hundred years of existence, a
sudden breakthrough could propel EVs to universal popularity. By mandating the
technology, California regulators hope to provide the incentives for major research in
battery technology.4
Unfortunately, billions of dollars and years of research have not yet produced the
desired improvements. Batteries have been in use for more than a hundred years, and
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efforts to improve their capabilities have already been ongoing outside of the auto
industry. Other demands for advanced batteries, such as space exploration, laptop
computers, and cellular telephones have already provided incentives for improvement
through research.
While many potential advances lie on the horizon, it is unclear that any of them
will materialize.1 5 Nonetheless, major funding of EV technology continues. Below is a
partial listing of recent expenditures by a number of organizations on research and
development of electric vehicles.
Table 3. Recent EV research and development funding
research
funding
organization ($millions) research purpose
Defense Advanced 25 variety of projects
Research Projects Agency
Department of Energy 320 variety of projects
US Advanced Battery Consortium 260 battery technology
US Big Three 1,000 (est.) vehicle development
source: Automotive News, July 19, 199316
1.1.4. The raging EV debate
Electric vehicles have not attained mass market appeal at any time in their hundred
year history, despite billions of dollars in research and development. However, it is the
hope of government regulators that the mandates set forth by California for 1998 and
beyond will catalyze a sustainable EV market. Although EVs are not competitive now,
the mandated sales of EVs may indeed yield the economies of scale, developmental
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research, and publicity needed for the successful implementation of such a far reaching
technology.
Air bag restraining systems exhibited such a scenario. Auto manufacturers,
worried that consumers would not be willing to pay the extra costs associated with such a
device, resisted federal regulations that would require all cars to have driver side air
bags.'7 However, once consumers became aware of the safety advantage, air bags
demand (and profits) rose to unexpected heights. As a result of increased sales,
production cost fell with further experience and economies of scale. Most consumers now
expect not one, but two air bags, and they are more than willing to pay the extra cost. In
this example, a small government action changed the way consumers and producers
thought about a given product. It is entirely possible that EV mandates will serve the
same purpose.
There also exists the likelihood that further improvements will not take place, EVs
will not gain market appeal, and nothing will result from California's efforts except for
the loss tens of billions of dollars which could have been spent on other more promising
environmental strategies.
The California mandates have sparked an intense debate over the likelihood of
eventual success or failure of EVs. Those in favor of the regulations claim that costs will
fall and technology will improve to such a level that some day no one will ever consider
buying a conventional gasoline vehicle. Opponents point out that battery technology has
not improved considerably despite decades of wide scale use in other applications.
The bulk of the debate has focused on cost. Estimates of what an EV will cost
vary by 400%. Unfortunately, the success of EVs will depend largely on their cost, and
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without an accurate estimate of cost further debate is meaningless. The following table
shows some recent calculations for electric vehicle cost:
Table 4. Recent cost estimates for electric vehicles
reference cost assumptions/methods
DeLuchi $36,035** life cycle framework: 150 mile range battery powered EV
R.H. Williams $16-18,000 medium and long term fuel cells; based on DeLuchi's framework
Ford (Nichols) $36,000* purchase price only; based on a projected retail loss of $20,000 per
vehicle; assumptions confidential
Solectria $19,995 Retail price: Solectria Force (Geo Metro electric conversion)
50 mile range; no A/C
Solectria $59,350 Retail price: Solectria Force NiCad GT 100-120 mile range; no A/C
Sierra $28-37,000* confidential life cycle model
AAMA $50-72,600* manufacturing cost only; short term estimates; assumptions
confidential
CARB $17,400* manufacturing cost only; sales weighted average based on
manufacturer and Sierra estimates
* based on cost relative to average vehicle price of $16,000.
** based on a life cycle cost of $0.36/mile; 100,000 mile life is assumed.
sources: DeLuchi," Williams,'9 Ford,' Solectria,2 ' Sierra,2 2 AAMA, CARB.24
1.2. Purpose
The purpose of this thesis is three fold. First, it will inform the raging electric
vehicle policy debate with revealing information about the impact of the policies
involved. Many of the key decision making parameters, such as vehicle cost, are as yet
unknown, and without accurate data along these lines, further policy discussion is useless
at best and disastrous at worst. Second, this thesis examines alternative vehicle policies in
an attempt to compare their overall effect against a policy which includes electric
vehicles. And finally, this thesis will draw conclusions about the wisdom of current
policies. While a prediction of the success or failure of such a complex and far reaching
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mandate may not be possible, the technological limitations and requirements at least will
be analyzed.
1.2.1. Inform the debate
Discussions concerning the technical, environmental, economic, and
environmental implications of EVs have for the most part focused on unsubstantiated
claims and outrageous assumptions. Lobbyists, environmental groups, politicians,
academics, and members of industry have managed to draw conflicting conclusions on the
impact of electric vehicle legislation based on seemingly legitimate assumptions. While
such tactics are to be expected in any political argument, the current issue clearly merits a
more accurate and legitimate approach. Billions of dollars and the environmental health
or our nation are at stake. Clearly, a thorough understanding all associated issues must be
at least attempted.
Unfortunately, the generation of unsubstantiated data based on simplistic or
fallacious assumptions is much faster than scholarly scientific assessment. While many of
the early arguments have already been presented, only within the last several months have
some of the more scholarly works been completed and presented. This sudden increase in
the quality and validity of underlying data has come at a critical moment in the electric
vehicle debate, as regulators and producers are beginning to finalize plans for the first
round of electric vehicle mandates for 1998. The Northeast states, for example, are
weighing arguments for and against the implementation of California's EV mandates,
while other states are waiting anxiously.5
Electric Vehicle Policy Analysis 24 Russell Cohn
The electric vehicle debate has by this late date explored every imaginable facet of
the proposed mandate. (Those which are currently unimaginable will most likely be
discussed as they appear.) Topics of discussion have included vehicle performance,
infrastructure development, consumer acceptance, airborne emissions, energy
consumption, and cost. A severe deficiency along any one of these lines would be
detrimental to the implementation of the proposed legislation.
Of all the topics mentioned, only the first one, vehicle performance, is well
understood if current or near term technology is assumed. The range, acceleration, and
speed of electric vehicles have been well documented by previous demonstrations. (See
section 1.1.2. above.) Proponents of EVs predict radical improvements in battery
technology which would greatly improve vehicle performance. And given that auto
manufacturers must begin designing and tooling for 1998 model year vehicles now, it is
unlikely that advanced battery technologies will appear in the first or even second
generation of vehicles.
Infrastructure development and consumer acceptance are two of the least
understood topics of discussion simply because they will not occur on a wide scale until
EVs are distributed and operated on a wide scale. Auto makers continue to perform
market research on their vehicles: GM and Ford, for example, have begun pilot
distributions of their electric vehicles, and the results of these studies may or may not be
available to the public in the coming months. An independent research organization has
also conducted surveys designed to gauge the reaction of consumers.2 6
Of all the topics relevant to EV discussion, the last three (emissions, energy, and
cost) present the greatest uncertainty and will ultimately be the most influential in the
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likelihood that the EV mandates succeed in achieving the goal of reducing environmental
hazards. These two factors, uncertainty and influence, have sparked a bitter and
emotional debate fueled by outrageous analysis interspersed with examples of
misinformation borderline misconduct. Consider the following:
* Electric vehicles have been falsely classified as "zero emission" vehicles.
The electricity used to charge them produces emissions, a fact which the
EPA tried unsuccessfully to cover up.27
* The same EPA report uses average power plant emissions in its estimates,
rather than the "marginal" emission rates produced by the dirtier and less
efficient power plants that would realistically supply the extra energy used
to recharge electric vehicles.
* A recent publication calculated the costs of owning and operating electric
vehicles. The data and formulae used in these calculations were withheld
for reasons of confidentiality, thus preventing independent confirmation.2 8
* Other recent publications assumed that EV bodies would cost the same as
conventional vehicle bodies. The higher cost of lightweight materials and
lost economies of scale in low production volume were dismissed without
discussion.2
This thesis will provide a more accurate assessment of vehicle cost, emissions, and
energy consumption, using appropriate and justifiable assumptions. Once such data has
been brought to light, an informed and intelligent debate over the future of electric
vehicles can proceed without the distractions such as those listed above. Any contribution
to the growing body of clearly defined and well implemented analysis will aid in an
enlightened assessment of electric vehicle policy.
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1.2.2. Alternative approaches
Although regulators and environmentalists promote electric vehicles as the best
long term approach to environmental and energy problems, it is not clear that other
vehicle approaches will not provide the same or superior benefits for the same cost. One
alternative approach discussed in this report is the ultra-low emission vehicle (ULEV)
which has also been mandated in California and elsewhere. This vehicle is no different
from an ordinary gasoline vehicle with the exception that its emissions, as measured in
grams per mile, are greatly reduced through the use of an innovative catalytic converter.
A number of exhaust systems have been designed to achieve such reductions, and the
additional costs and emissions reductions are known within a narrow range. As a point of
reference, conventional gasoline vehicles are also examined using the same framework.
Discussion of alternative environmental approaches is essential for the simple
reason that funds for environmental improvement are not limitless. Beyond some very
high cost, as measured per vehicle for society on the whole, an environmental program
will fail catastrophically. Beyond this cost, consumers will refuse to pay for
environmental strategies, and manufacturers and legislators will be unable to subsidize the
high cost. But even below this upper limit, alternative approaches may exist which
provide superior environmental results at lower cost.
1.2.3. Valuation
The first two goals of this thesis, discussed above, detail the economic cost and
environmental benefits of electric vehicles as compared to ULEVs and conventional
vehicles. While bits and pieces of this data may be of use to other parties contemplating
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electric vehicle issues, the data in its raw form is of little consequence by itself. Rather,
the valuation of the data is of much more interest. Obviously, the three vehicle
approaches chosen in this report, EV, ULEV, and conventional, will have different costs,
emissions, and energy consumption rates. Should no one vehicle be superior in all three
categories, it will be difficult to determine which one provides the highest environmental
"value" given its cost. This is in part because the relationships (monetary or otherwise)
between inventoried emissions and human concerns, such as disease or death, have not
been established. Grams of say, carbon monoxide are of no direct relevance to the quality
of human existence or the overall quality of our environment. Unfortunately,
environmental science has not evolved to the point where chemical emissions are
correlated to such factors.
Furthermore, in the absence of universal agreement as to environmental and
financial priorities, such any valuation is impossible. Different regions and individuals
within those regions have different priorities, thereby preventing consensus.
1.2.4. Enabling requirements
Although valuation may prove to be difficult or impossible, an attempt to analyze
the feasibility of electric and low emission fuel vehicles is nonetheless worthwhile.
Despite a lack of consensus on environmental priorities, government mandates such as the
Federal Clean Air Act and California's own vehicle mandates are very real goals which
must be met. Based on the cost of owning and operating the vehicle, one can attempt to
establish criteria within which a given approach is viable. For example, an acceptable
long run cost can be proposed as a percentage of conventional vehicle cost. While this
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type of assessment is immature and requires further attention, clearly a framework must
be established for evaluating the feasibility of the various approaches.
Once rudimentary criteria are established, a prediction of the feasibility of the
various approaches can be made. But of more importance is the sensitivity of cost,
emissions, and energy consumption to those important vehicle parameters which are
likely to change in the coming years. For example, electric vehicle cost may be
prohibitively high initially, but there may exist some combination of enabling
technologies and market factors which brings cost down to a reasonable level at which
electric vehicles will be feasible. Once those feasible scenarios are outlined, one can
begin to determine the likelihood that such scenarios materialize. The final goal of this
thesis, then, is to identify criteria required for feasibility and those technical or market
factors necessary to meet those criteria.
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CHAPTER 2. METHODOLOGY
A number of frameworks have been proposed to assess the environmental and
economic effects of consumer and durable goods. These methods are discussed below,
along with additional modifications and assumptions that have been made specifically for
the purpose of understanding electric and ultra low emission vehicles.
2.1. Life cycle analysis
One of the main concerns of environmental analysis is that all activities associated
with a product be considered. Many studies and regulations address individual and
isolated effects, such as corporate average fuel efficiency (CAFE) regulations which
require automakers produce and sell autos which have a weighted average fuel efficiency
of 27.5 miles per gallon. CAFE regulations do not address the energy required to produce
or recycle the vehicles, nor do they address other issues such as landfill or hazardous
waste. For environmental studies and regulations to be successful, they must take the
holistic approach of assessing all environmental impacts over the entire life cycle of the
product. "Life cycle analysis" (LCA) has been presented in the literature in various forms
for decades [references original Coke-ADL study]. By far the most popular approach in
the current literature views the life of a product as a single entity for comparison. All
stages of the product's life are included: production of materials, forming of components,
assembly of finished product, operation, and disposal or recycling. At each stage,
attributes such as emissions of CO are determined, and these are summed over all life
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cycle stages yielding a total "life cycle" inventory of resources consumed and byproducts
created.
Initial life cycle studies were inconsistent in defining the boundaries of the given
product, and hence their findings were often contradictory as was the case of the cloth
diaper debate.30 The sheer volume of data necessary to conduct a thorough life cycle
assessment presents ample opportunities for manipulation, rendering LCA results
questionable. In many cases, LCA and environmental analysis in general has degenerated
to tools for marketing and public relations.3'
The difficulties in applying LCA in a consistent and meaningful manner prompted
the Society for Environmental Toxicology and Chemistry (SETAC) in 1990 to define
strict guidelines for the application of life cycle analysis.32 The "boundaries" of a product
were well defined, thereby eliminating much of the potential for creative data selection
and manipulation. The collection of data required for a complete LCA, under the SETAC
guidelines, is so costly that it has spawned an entire industry of environmental
consultants. The preparation of an environmental impact assessment has become an
arduous process requiring years of research and tens of thousands of dollars.
While the SETAC guidelines represent a major advancement of LCA
methodology, several issues remain unresolved. Environmental impact as a whole is
discussed, without reference to the concentration of these impacts within certain regions.
Clearly areas of high population should be treated differently than areas of little or no
population. Intertemporal issues also remain. The timing of environmental releases is not
addressed by SETAC, and serious debate surrounds this issue.33
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Despite the high cost, effort, and limitations of LCA, as defined by SETAC, the
final inventory outputs are given in units which are not directly relevant to human or
environmental interests. Even the most thorough analysis can only give inventories in
terms of measurable quantities, such as grams of carbon monoxide produced, or BTUs of
energy consumed. While interesting, these quantities do not translate directly into factors
of human interest, such as number of deaths by cancer or acres of lost rain forest. Thus it
is impossible to place a value on the product under study, regardless of the quantity and
quality of life cycle data.34 The following section will discuss valuation methods in more
detail.
Due to the limitations of the SETAC methodology, this technique will not be used.
Instead, comparison of readily available data will be used. Although this approach
sacrifices accuracy for simplicity, this is the only feasible approach given the scope of this
project.
2.2. Valuation
Life cycle data alone tells little about direct environmental consequences, and as a
result, it must be converted into a context which is useful to decision makers. There are
two categories of this type of conversion: transformation and value measurement. Both
have been used in a number of applications, although little experience exists in their
application specifically to environmental valuation.
The many objectives of a decision are not directly comparable due to the fact that
they express different quantities and are given in terms of incompatible units. The
objectives may, however, be translated into a single common measure and then be
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compared and used to determine a single performance rating. The common measure must
be somehow related to all of the other quantities so that translation is feasible. Money is
often the measure of choice, as it is the thread that ultimately forms the fabric of many
important decisions. Conversion into money terms, or "monetization," is the
transformation of all decision variables into dollars or other currency equivalents. A
number of techniques have been proposed and demonstrated to determine how to
transform quantities into money terms.
Besides transforming objectives into dollar terms, a measurement of value of
objectives can be determined directly. A "value function" is a means for ranking relative
preference of sets of decision consequences without the use of dollars or other currency as
a basis for judgment.3 5 However, since cost is usually one of the consequences of any
important decision, value functions resemble monetization techniques with one important
exception. The relationship between value and the attributes which form the basis for the
decision is not linear by necessity, as is the case with monetization. For example,
reduction of a certain pollutant may have increasing value as that reduction approaches
complete elimination.
2.2.1. Monetization
Monetization is the translation of multi-objective decisions into a single dollar
metric. All environmental costs or benefits are converted to dollar values, the sum of
which is said to be the value of the decision. These costs and benefits are broadly
classified as social costs, market value, and consumer value. The choice of which of the
three to use depends entirely on the scenario at hand and the purpose of the study. Each
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can potentially contribute to the monetization process. In this case, the market cost is
used for the purpose of life cycle cost analysis.
Several procedures have been proposed for determining dollar equivalents of
environmental factors, although no universally agreed upon standards have emerged. Part
of the reason is that environmental goals generally do not have well defined or agreed
upon costs and benefits. For example, the value of clean air has never been assessed.
Since nobody owns the air, and there exists no market for the air, simulated or otherwise,
it is impossible to determine a price or cost. But by examining the social costs, related
health costs, and direct market costs incurred by various activities, we can extract a value
which is meaningful in some situations.
Another way to evaluate social costs is to equate them to the amounts of money
our society has chosen to spend on efforts to preserve environmental assets. The funds we
spend to save bald eagles from extinction or to prevent destruction of Amazon rain forests
an indication of how these species and ecosystems are valued.
The argument for monetization is based upon the notion that markets are an
efficient means for distributing resources. The effectiveness of markets, however,
depends on several assumptions, not the least of which is the requirement for accurate
information. In order to make rational decisions which affect a market, individuals must
have knowledge about all aspects the situation. In the environmental realm, however,
there is a great deal of uncertainty at many levels of the decision making process.
First, underlying physical relationships between the environment and industrial
activity have not been established, despite tremendous research efforts in the areas of
atmospheric science, epidemiology, and ecology. For example, the scientific community
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is unable to describe quantitatively and definitively the link between carbon dioxide and
global warming. Second, uncertainty is introduced by the volatile regulatory climate.
California's electric vehicle mandate, for example, may or may not be adopted by a
number of other states in the near future. And third, the costs of environmental
improvement are usually unknown.
In terms of calculation and interpretation of results, monetization is conceptually
simple. Once key values are agreed upon, the procedure for calculating costs is straight
forward. If a standard methodology for determining these key values is developed, the
entire process could conceivably become routine and reliable. In addition, once a
database of environmental values is created, it can be applied to almost any product or
activity without modification.
Beyond facilitating comparisons among attributes, monetization has the added
benefit that it uses cost as the decision making variable. Cost is one of the few metrics
that has a meaning of its own. All parties involved in the policy process, including
regulators, consumers, and producers, are capable of discussing cost issues, whereas these
same parties may not be able to discuss things such as utility or value, which are
presented in the next sections. Cost is a common language which provides a convenient
means of communication.
Monetization is hindered by the initial assumption of perfect information. Since
very little quantitative information is in fact available on environmental "goods," it is
difficult to assign dollar values. Conventional products such as cars, memory chips, and
hamburgers have known production costs, raw material costs, availability, consumer
demographics, and a long list of other measurable factors which are known to influence
Electric Vehicle Policy Analysis 35 Russell Cohn
market value. A clear lack of information creates a formidable challenge for buyers and
sellers of environmental products.
Even if agreement exists on the use of cost or benefit in the monetization process,
the question of who performs the valuation still remains. While it may be possible for an
individual to determine a value for goods and activities which have no markets, it is
unlikely that groups of individuals will agree on a single value.3 6 Conflict is inevitable,
and the resolution of such a conflict is a challenging task.
One final limitation of monetization is that it is linear, both in its valuation of
individual attributes and in the way it makes trade-offs between attributes. It is expected
that the value increases with scarcity, and the value relationship is non-linear. And where
several attributes are concerned, the importance of one attribute to another is constant,
regardless of the levels of each attribute."
2.2.2. The analytic hierarchy process
A number of methods exist which evaluate decisions based entirely on preferences
among the attributes which form the basis for the decision. Rather than calculating the
cost, benefit, or willingness to pay for each attribute individually, these methods compare
the attributes against each other in such a way that reveals the relative importance of each.
The result is a performance measure not unlike the dollar value given by monetization.
But by avoiding the need to value the attributes in dollar terms, practitioners of value
methods can avoid the arduous and controversial task of simulating markets. In addition,
the political and ethical dilemmas associated with monetization are eliminated because no
direct "value of life" is necessary.
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Value methods, unlike monetization techniques, are not limited to linear
relationships. A non-linear value function has the ability to represent preference behavior
such as saturation, which is the decrease in incremental value of continued improvement.
For example, the elimination of the last ton of carbon monoxide from the environment be
more beneficial than the elimination of the first ton.
The analytic hierarchy process (AHP) decomposes the valuation process into a
series of smaller problems which are addressed individually. The name derives from the
structuring of the process into levels of decision making. At the highest level the goal of
the process is defined, for example "environmental impact reduction." The goal is broken
down into measures which affect it, such as "pollution to air," and "energy consumption."
These measures are called attributes, and make up the second level of the hierarchy. Each
of these attributes can in turn be further decomposed into sub-attributes.
For example, pollution to air might be broken down into greenhouse gases,
smog-causing gases, etc. At the lowest level of the hierarchy are the proposed products or
strategies in question, known as the alternatives. These alternatives are the subject of the
study in that they are the possible approaches to achieving the goal. In the case of case of
environmental impact reduction, alternatives might consist of nuclear power, electric
vehicles, and conservation.
Once the problem is decomposed, the importance of each attribute with respect to
the goal is determined. This task is achieved by comparing the attributes, two at a time.
A practitioner of AHP might perform these comparisons by asking an individual
knowledgeable in the field the following subjective question: "With respect to the goal,
how much more (or less) important is Attribute 1 than Attribute 2 in your opinion?"
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Comparison of each possible pair of attributes is necessary. Care must be taken to avoid
biasing the respondent. Saaty has proposed a nine point ranking scale, which assigns
scores to various verbal reactions to this type of question.38 Once all comparisons have
been made, it is possible to define the goal as a linear function of the attributes.
Finally, the performance of each alternative with respect to each attribute is
determined. Again, comparison questions are asked: "With respect to Attribute 1, how
much more (or less) preferable is Alternative 1 than Alternative 2?" Comparison of each
pair is necessary. Ultimately, enough information is provided to rate each alternative on
the basis of its performance in terms of each attribute. The final step of AHP, synthesis,
is the determination of the performance of each alternative with respect to the goal.
Like monetization, AHP transforms various unlike characteristics, such as tons of
carbon dioxide and BTUs of energy, into a single measure. In the case of monetization,
the measure is dollars, whereas in the case of AHP it is value. But unlike monetization,
value has the unique capability of expressing preferences non-linearly. As the quantity of
a certain attribute increases, value may increase at a slower or faster rate. The example of
the bald eagle above, in which value increases with scarcity, could be expressed
adequately by a value function. The relationship between two attributes, however, is still
linear regardless of the amounts of each respective attribute.
AHP suffers from several fundamental flaws, not the least of which is reversal of
the ordering of alternatives upon the introduction of a new alternative. This phenomenon,
known as rank reversal, is especially likely when the new alternative is similar to any of
the existing alternatives. Rank reversal raises the possibility that the initial rankings were
arbitrary in the first place and that the entire process is flawed.39
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AHP is also limited by its time requirement. The large number of necessary
comparisons, coupled with the fact that some of these comparisons can be arduous to
perform, translates into hours of work for a single evaluation. And since each pair of
attributes is compared with respect to each alternative, the entire process must be repeated
when new attributes or alternatives are introduced. Previous responses are invalid. This
may be a serious limitation in the environmental arena, as product alternatives and
regulatory pressures are changing at a rapid pace.
2.2.3. Multi-Attribute Utility Analysis (MAUA)
Utility analysis, like AHP, is used to determine the performance of each
alternative with respect to the attributes in question. Common metrics, such as dollars,
are avoided and instead relative units are used to determine the value, or "utility" of the
alternatives. The utility function of each attribute is calculated separately using risk based
methods.40 In these methods, participants are asked to make a series of choices between
two possible scenarios, or outcomes. These choices reveal preferences regarding the
attribute in question, and ultimately form the basis of its utility function.
Attributes are weighted with respect to each other, again using risk based methods.
An overall utility function is determined, and is called a multi-attribute utility function
because it takes into account the utilities of several attributes. Once the function is
determined, measurable properties of the alternatives are taken as inputs to calculate
overall utility.
MAUA is non-linear both at the single attribute level and at the multi-attribute
level. At the single attribute level, as with AHP, value functions for each attribute can
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reflect non-linear preferences. Saturation, which is the decrease in incremental value of
continued improvement, is one example of a non-linear preference. In addition, trade-offs
between attributes can be made in a way that reflects the quantities at stake. As one
attribute becomes very large, its impact on the over-all decision may become more
important than a linear relationship would suggest.
A second advantage of MAUA is that the attribute values it defines are
independent of the alternatives. Once the individual value functions are derived, any set
of alternatives can be evaluated using these same functions. Unlike AHP, there is no need
to reformulate the preference relationships for each decision.
All of the valuation techniques discussed in this report suffer from a common
limitation, which is the intransitivity inherent to valuation by groups. MAUA is no
exception. Value or utility functions can be calculated for individuals, but groups present
a serious problem because individuals often disagree and even contradict each other. This
raises the important question of who should perform the valuation. MAUA can not
answer this question, nor can it cope with the varying preferences of individuals.
Attempts to aggregate or average utility functions of individuals into a single function fail
to capture the richness of opinions, and can lead to intransitivity. Arrow's Theorem goes
so far as to say that such an aggregation is impossible.41
A second limitation of MAUA is that the questioning procedure is difficult and
sometimes frustrating. Risk based comparisons of attributes are sometimes misleading
and confusing, so care must be taken to remove any biases from the questioning methods.
In addition, if a large number of attributes are needed for evaluation, the duration of
questioning is long enough to fatigue the respondent.
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2.2.4. Limitations
The three valuation techniques discussed above, MAUA, AHP, and monetization,
each have a unique list of shortcomings. However, they all fail to address two recurring
problems: lack of understanding of environmental mechanisms, and inability to cope with
diverging points of view. For these reasons, it is unlikely that valuation techniques can
aid in the decision making process in the environmental realm. The only clear value
judgment is that less of a harmful agent is preferable to more. This "less is best" rule,
while simplistic and obvious, is the only clear method for comparing environmental
outcomes. Unfortunately, application of this rule is limited because multiple impacts tend
to contradict each other. One alternative may produce less carbon monoxide but more
landfill than another. In such a case, objective selection of one alternative over another is
an elusive goal.
2.3. Life cycle cost
While by some calculations electric vehicles will be less expensive then
comparable gasoline powered vehicles,4 2 other estimates place the cost at a 400%
premium.4 More than any other variable, cost will determine the eventual market success
or failure of EVs. It is therefore essential to at least attempt to sort out the conflicting
claims and determine, within a reasonable degree of accuracy, the costs associated with
electric vehicles.
As with emissions, energy, and landfill, cost must be assessed on a lifecycle basis.
However, unlike environmental attributes, costs do not accumulate and therefore can not
be easily inventoried. The distinction between cost and price becomes vague since each is
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determined by market transactions rather than by some direct measurement or calculation
based on first principles. Furthermore, the notion of life cycle cost is not entirely useful
since no individual party is responsible for the entire life cycle. A more useful measure of
economic performance is the life time cost to a particular party; the consumer, for
example.
If cost, not price, is chosen as the attribute under investigation, then artificial
means of reducing expenses, such as tax incentives or government subsidies, do not
influence the outcome. Although such mechanisms may be used in practice, the
consumer ultimately pays for these programs through higher taxes. Along the same line
of reasoning, if manufacturers are forced to sell EVs at a loss, they will have to raise
prices of their other vehicles in order to remain in business. Again, consumers pay in the
end.
Life cycle cost, for the purpose of this study, refers to the cost per vehicle paid by
consumers on a unit basis over the life time of a vehicle. This includes manufacturing
cost, operation, maintenance, and disposal. Manufacturing cost is taken as the cost of
assembling a vehicle, and does not include research and development costs, as these are
already sunk. Operation cost is meant to include the energy cost associated with
powering the vehicle, maintenance, and battery replacement. Disposal includes the cost
to the consumer of disposing of the vehicle at the end of its usable life. Disposal costs are
usually negative, as there is normally some value remaining either due to scrap material or
usable components.
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The stream of costs involved in owning and operating a vehicle is of course
subject to opportunity costs. For this reason, all future costs are discounted at a rate of
10%. Final cost calculations represent the net present value of the stream of payments.
Once the applicable costs are defined, the task of calculating them begins. This is
a daunting challenge, considering that studies on routine products reveal widely divergent
initial estimations of cost. And unfortunately, EVs and ultra low emission vehicles have
never been mass produced, so there is little historical basis for cost analysis. Many of the
underlying technologies, such as advanced batteries, inverted gate bipolar transistor power
controllers, and heated catalytic converter, are untried and therefore present challenging
obstacles to accurate cost estimation. In addition to technology uncertainty, market
uncertainty plays a role in cost calculation. The type of vehicle (e.g.. sedan, sports car,
truck) desired by consumers is unclear, as are the methods and materials of construction
(e.g.. stamped steel, extruded aluminum, or molded plastic). A number of other variables,
such as the time of day at which users recharge batteries (night time charging may be
cheaper than day charging) also contribute to the list of problems associated with
determining life cycle cost to the consumer. These uncertainties are responsible for the
wide range of published cost estimates.
Should manufacturers decide to produce EVs, they will painstakingly make
hundreds or even thousands of complex decisions as to which materials, processes, and
design features to employ. They will experience the many costs associated with each of
these decisions. Consumers, after driving the proposed vehicles, will also make numerous
behavioral decisions which will influence life cycle cost. Only after a real world trial will
cost be known with any degree of accuracy. But cost forecasts, however premature, must
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be made at this early stage to assess the feasibility of the proposed vehicle strategies.
While it may be impossible to pinpoint the cost of an as yet fictional product, enough
information and experience exists to determine at least a reasonable range within which
the actual cost is likely to fall. Simplifying assumptions, when chosen carefully, can
greatly reduce the burden of uncertainty. These assumptions are discussed in further
detail in Chapter 3.
2.4. Technical cost modeling
Manufacturers and regulators typically rely of historical financial data when
estimating the cost of future products. However, EVs have never been mass produced
and thus no such history exists. Nor is data from other vehicles applicable, as EVs
represent a dramatic departure from the current stamped steel unibody standard. Battery
limitations will severely restrict curb weight, requiring the use of light weight materials
such as aluminum and polymer composites. In addition, low production volumes (at least
initially) will limit economies of scale in capital intensive processes such as metal sheet
stamping. As a result, alternative methods for cost analysis are necessary.
One such method which has been demonstrated extensively in the past is technical
cost modeling (TCM).44 Using this scheme, the manufacturing process is partitioned into
individual materials and operations, each of which is modeled based on applicable
engineering and financial data such as commodity material cost, equipment cost, cycle
times, tooling cost, and scrap rates. A database of such information has been developed
to accommodate typical automotive manufacturing processes such as metal sheet
stamping injection molding, welding, and adhesive bonding. Once the costs of
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individual materials and processes are calculated, the total manufacturing cost is taken as
their sum
TCM is extremely useful in modeling sensitivity of cost to almost any production
input or assumption. A well designed model can easily accommodate changes in
parameters such as production volume, tooling cost, or rejection rate. Such analysis is
instrumental in determining the range of conditions over which a proposed process or
material will be competitive with alternative manufacturing choices. This capability is
especially useful in evaluating early stage technologies such as electric vehicles.
To date, technical cost models have been developed for dozens of processes and
are applicable to hundreds of components and assembly operations. In particular, a model
exists for the body-in-white, which is the structural body component of an automobile.5
The body-in-white represents a large fraction of the total vehicle manufacturing cost.
2.5. Selection of vehicles
As stated above, the purpose of this study is to compare the cost, emissions, and
energy consumption of three types of vehicles: EVs, conventional gasoline vehicles, and
ULEVs. Ideally, representative vehicles from each category should be modeled and
compared among each other. However, each of these vehicle categories is far from
uniform. Conventional automobiles range from gas guzzling luxury cars to lightweight
economy cars to off road sport/utility vehicles to family sedans. New categories of
vehicles are constantly evolving to better meet the demands and needs of consumers. In
recent years, niches such as "near-luxury" sedans, luxury sports cars, and up-scale pickup
trucks have achieved moderate success. Current sales figures reveal no dominant model
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or style, and hence it is very difficult to choose a particular vehicle for the purposes of
this study. Averaging the outputs of several vehicles offers no solution either, as the
resulting fictional vehicle may fail to represent any real world vehicle.
Ultra low emission vehicles in this study are modeled as gasoline powered
vehicles with the addition of a hot start catalytic converter. Hence, ULEVs are as varied
in performance and purpose as conventional vehicles.
Electric vehicles present further challenges in selecting a base case for
comparison. Many electric vehicles exist in experimental, prototype, and pilot production
stages of development. They come in all shapes and sizes, have a variety of ranges and
top speeds, and have different cost drivers. Ford is currently testing an electric utility
van, Chrysler a mini-van, and GM a two-seated sporty coupe. German manufacturers are
focusing on electric mini-cars, while Japanese manufacturers are pursuing a range of
possibilities. A lack of consensus as to the optimal design or product strategy for electric
vehicles precludes the selection of a single representative vehicle for study.
A further difficulty in selecting an EV base case is that there is no evidence or
experience of an EV which is comparable in performance to a conventional vehicle. EVs
are limited in range, interior space, and acceleration to such an extent that EVs are not
perfect substitutes for conventional cars. For this reason, it is virtually impossible to
compare any EV to a gasoline vehicle.
But despite the difficulties in choosing comparable vehicles, clearly some basis for
comparison must be made in order to achieve the purpose of this study. The approach
taken here is to model a number of scenarios for each vehicle type, and make comparisons
among these choices. In effect, a range of vehicles is compared for each type.
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2.6. Life cycle energy analysis
The energy used by a given vehicle is determined for each life cycle stage.
Operation is fairly straight forward, as the gasoline or electric power consumed can be
easily measured or calculated based on several simple assumptions.
The energy required to produce the vehicle, however, is less obvious. Ideally, all
the energy required in all stages of production, from mining the ore to the final assembly
should be included. However, collection of such data would be an immense undertaking
far beyond the scope of this study. Fortunately, researchers at the Oak Ridge National
Laboratory have provided simplifying data and methods for life cycle energy analysis.46
They have ascribed an "embodied energy" to materials commonly used in manufacturing.
This calculation accounts for all the energy needed to bring a pound of the given material
to a state where it can be formed into parts and components. All mining, refining, and
intermediate transportation operations are taken into account.
Using a similar approach, the Oak Ridge researchers account for energy saved
through recycling. An energy rebate is given for a number of materials, and this rebate is
treated as a negative embodied energy. Clearly, a number of issues surrounding the
determination of the rebate remain to be resolved. But the data given in their preliminary
report are adequate for the purposes of this study.
2.7. Life cycle emissions analysis
Emissions analysis represents the greatest stumbling block to date in the vehicle
policy realm. A simple calculation or measurement of emissions from a given vehicle is
not possible, mainly because emissions rates vary widely over time. For example,
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gasoline powered vehicles pollute more in their first two minutes of operation when their
catalytic converter is cold. Gradually, as the catalyst begins to function, emissions fall.
Vehicle aging also contributes to variation, as older vehicles tend to deteriorate and create
more emissions.
Electric vehicles present similar problems of emissions analysis. The power used
in charging the batteries is produced by a network of interconnected power plants. Some
of these plants are cleaner than others. The mix of clean plants (e.g. nuclear or hydro
power) and "dirty" plants (e.g.. coal or oil) changes from minute to minute depending on
demand. At night, when demand is low, only the cleanest plants are active. During the
day, however, as the demand for electricity approaches capacity, all plants, clean and dirty
alike, in a given region may be in operation. Furthermore, the energy mix varies greatly
from region to region. Pinpointing the exact plant that produced the energy used by a
given EV is impossible.
Several attempts have been made to calculate vehicle emissions based on all of the
above factors. By far the most prevalent is the Mobile5 model, which is produced by the
EPA. However, this model calculates fleet emissions rather than single vehicle emissions.
The model is based on the notion that fleets "roll over" as older vehicles are retired and
newer ones are brought into use. The model fails to address electric vehicles. EMFAC7,
produced by California's air resources bourd, is similar in nature to the EPA model.
Future versions of these and other models will likely offer improved capabilities
necessary for EV emissions evaluation.
In the mean time, however, simplifying assumptions must be made to approach
the task of life cycle emissions assessment. As for electric power emissions, a previous
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study has ascribed an "average" emission rate (in grams per kwh) for a number of
emission types.4 7 While this simplification glosses over the complexity associated with
the regional and temporal variations in emission rates, it serves as a starting point which
will no doubt be improved upon in the future. This method will at the very least give an
order of magnitude estimate of emission associated with electric power production.
A second emissions study has calculated the life cycle emissions produced by a
mid-sized conventional gasoline vehicle.4 8 Simplifying assumptions have again been
made as to the regional and temporal variation in operation-stage emissions. A "flat-line"
assumption has been made, meaning that a single emission rate per mile is multiplied by
total vehicle miles traveled to yield the total operational emissions. In addition, emissions
created during the production of the vehicle were calculated based on assumptions
regarding mining and refining operations.
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CHAPTER 3. ASSUMPTIONS
The calculations and models of cost, energy, and emissions depend entirely on the
assumptions that are made regarding literally hundreds of characteristics that reflect the
design, technology, and markets for the vehicles in question. In the case of conventional
gasoline vehicles, all of the relevant assumptions are well known and documented since
these vehicles have been in production for decades. Ultra-low emission vehicles, which
are similar to conventional gasoline vehicles, raise several questions due to their
pre-production stage of development. Electric vehicles, in contrast, present numerous
uncertainties worthy of debate.
All of the necessary assumptions are given in the models found in the appendix.
Those assumptions which are either subject to debate or at least merit careful scrutiny are
discussed fully in the sections below.
3.1. EV assumptions
The electric vehicle chosen for this study is based on an actual product designed,
built, and tested by a major auto manufacturer. This is not a fictional vehicle, but an
actual model intended to meet the 1998 California mandate. For reasons of
confidentiality, the identity of the model and maker remain anonymous.
The chosen vehicle, herein referred to as the electric vehicle base case, was
selected from the hundreds of existing and proposed EVs for two reasons. First, it works.
It demonstrates existing technology and processes, as opposed to other EV proposals
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which exist only on paper or as a prototype, and are therefore subject to a long list of
uncertainties. It was designed for production, and is by no means a mere experimental
gadget. It has even been crash tested and meets all federal safety standards.
Second, the base case EV is positioned for the mass market, although it is not
known if it will ever achieve mass market appeal. While other niche products have been
proposed and demonstrated, such as delivery vans and mini-cars, these specialty vehicles
will never fulfill the medium and long range fleet volume mandates of the California EV
mandates. Only a mainstream consumer vehicle could capture 5% of a of given market
(2001 mandate) or 10% market share (2003).
The choice of an existing model has a third advantage from the view point of the
author: it is easy to model. The evaluation of an existing product is much simpler and
faster than that of a fictional entity. Specifications for components and assembly
operations were obtained from the manufacturer, as were a long list of other necessary
assumptions as to the design, performance, and disposal of the vehicle. While the life
cycle costs, emissions, and energy inventories related to each of these components and
processes were not provided, the existing information provided a solid position from
which to begin investigations. In a sense, the vehicle design team has already made the
hundreds of difficult design decisions necessary in creating a new product. The
manufacturer has already conducted extensive market research, performed engineering
feasibility studies, and has selected those materials and processes best suited to the task.
This leaves the author the relatively simple task of modeling environmental and financial
implications within the lifecycle framework.
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The only disadvantage of the choice of the base case is the difficulty in comparing
it to a comparable gasoline powered vehicle. The chosen electric vehicle is a two
passenger, two door coupe, is somewhat sporty, and contains up-scale features such as
airbags, antilock brakes, power windows and locks, and a CD player, but no air
conditioner. According to the manufacturer, it accelerates from 0 to 60 mph in 8.5
seconds, has a range of 70 miles, and top speed of 75 mph. Clearly, there is no gasoline
vehicle to which this electric vehicle can be compared, although for the puroses of this
study, it is assumed that the base case electric vehicle belongs to the "sub-compact"
category.
From the information collected from the manufacturer, three vehicle scenarios
were selected. The "realistic" scenario reflects current technology and market conditions.
These are the best technology and market conditions that the manufacturer could expect if
EVs were to be sold immediately. Since the 1998 deadline looms less than 4 years away,
manufacturers must begin to design and tool for their EV entrants now. The the realistic
scenario is applicable to at least the first generation of EVs. The "optimistic" scenario
represents the best imaginable conditions for the EV market for the year 2003. Few
proponents of electric vehicles would foresee more optimal conditions than those stated in
this scenario. The third "medium" scenario represents an average of the other two.
3.1.1. EV Cost assumptions
An electric vehicle is a complicated mechanical device with no mass production
experience. The body alone contains hundreds of components, and is modeled separately
through the use of technical cost modeling (TCM) methodology discussed above. Where
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possible, the costs of individual body components are modeled based on size, weight,
material, production process, and production volume. A database of process information,
based on previous modeling experience, is called upon. Where component information is
unavailable, cost is estimated from other components using the same process and material.
Fortunately, the manufacturer of the base case electric vehicle provided detailed
information regarding the materials, processes, and weights of the various body
components. A summary of the body information is provided here, while the detailed
data used to generate cost is given in the appendix.
Table 5. Base case electric vehicle body assumptions *
total
process material system piece mass
count (kg)
stamping aluminum structure 65 59
folding aluminum structure 55 32
extrusion aluminum structure 41 26
casting aluminum structure 4 7
sheet molding polyester exterior 12 54
compound (SMC)
reaction injection polyurea exterior 8 20
molding (RIM)
injection molding polypropylene exterior 4 5
sheet molding polyester exterior I 6
compound (SMC XTC)
injection molding high density exterior 3 17
polyethylene (HDPE)
* source: manufacturer
The total cost of the body components (which includes only the vehicle structure,
exterior panels, and closures such as doors, hood and trunk lid) is calculated by adding up
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the costs of the individual components. In addition, the cost of assembly is calculated
based on the total number of welds (2000) and the total adhesive bonding length (270 m).
The above assumptions are useful only in determining the cost of the assembled
body. Many other components are necessary for a working vehicle, such as battery,
motor, electronics, paint, wheels, etc. The most important assumptions used in
calculating the costs of these additional components are summarized below for the three
electric vehicle scenarios. An exhaustive list of electric vehicle cost assumptions are
given in the cost model in the appendix.
Table 6. Electric vehicle life cycle cost model assumptions
Pessimistic Medium Optimistic
Production volume (00Os) 20 50 100
Body material Aluminum Aluminum All aluminum
and plastic and plastic
Battery specific cost ($/kwh) 300 200 100
Battery specific energy (wh/kg) 30 60 90
Battery longevity (cycles) 800 1,000 1,500
Energy efficiency (miles/kwh) 3 4 5
Production volume is a function of total new vehicle sales, EV mandate
percentage, and market share for each producer. Assuming both California and the
Northeast states adopt the 2% EV mandate, this will represent a total market of 100,000
new vehicles annually. If a single producer captures 20% of this market, the production
volume is 20,000 as shown. Higher production volumes for the other scenarios are the
result of widened EV mandates: 5% in 2001, and 10% in 2003. Of course other states
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may adopt the EV mandates, however this will have a negligible impact on production
cost since economies of scale are small above 100,000 units.
Production volume has an impact on the body material choice. Below 100,000
units, manufacturers will most likely choose the materials and processes which minimize
fixed costs. In this case, the manufacturer has chosen an aluminum and plastic structure
with very few stampings. At higher production volumes, however, a conventional
stamped body structure is assumed. These choices will affect body cost.
Battery specific cost of $300/kwh is the current known cost for a lead acid battery
designed for electric vehicle use. Projected cost of $100/kwh is extremely optimistic, and
will require a breakthrough in battery technology and manufacturing capability. Without
a doubt, battery cost introduces more uncertainty into EV costing than any other factor.
However, the range of $300 down to $100 is all inclusive. It is extremely unlikely that
cost will fall below this range.49
In addition to the cost of the batteries themselves, the physical changing of the
batteries incurs service costs. These batteries will weigh hundreds of pounds, will contain
hazardous materials, and depending on the battery technology, may operate at extremely
high temperature. Removing old batteries and replacing them with new ones will likely
be a complicated, dangerous, and backbreaking task. This is no oil change. A
conservative estimate for the service of changing batteries is $200.
This raises the issues of what will happen to the battery at the end of the useful life
of the vehicle. If the battery is still relatively new when the vehicle is retired, it is
expected that the battery will have some resale value. If, however, the battery is at or
near the end of its useful life, it will probably contain no value. It is likely that the battery
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condition will drive the decision of when to retire the vehicle. As a simplifying
assumption, the cost of the fraction of the battery remaining at the end of the vehicle life
does not contribute to the life cycle cost.
Specific energy is modeled in much the same way. Current lead acid production
technology is capable of 30 wh/kg. A tripling of this capability is the most optimistic
claim of any battery proponent." Longevity of 800 cycles is currently feasible, although
long term testing of lead acid batteries has not yet confirmed this in electric vehicle
applications. After this limit, the battery loses its ability to maintain a charge due to
chemical and structural degradation. It is possible that battery life may increase to 1500
cycles, but highly unlikely that further improvements will occur.
Energy efficiency of 3 miles/kwh is claimed by the manufacturer of the base case
electric vehicle. Weight reduction, aerodynamic drag reduction, low resistance tires, and
regenerative braking systems are used to accomplish this efficiency. While this capability
is a great engineering achievement, there may still be room for improvement in other
areas. Improvements in motor efficiency, electronic controller efficiency, and battery
weight reduction, for example, may make 5 miles/kwh possible at best.
3.1.2. EV Energy assumptions
The most important EV energy assumption, vehicle efficiency, has already been
discussed in the above section. Additional assumptions involving transmission and
generation efficiency are based on well known characteristics of the power industry. For
example, battery charging efficiency is taken as 90%, as batteries typically lose 10% of
the supplied energy during recharge. This rate is applicable only under normal charging
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conditions. For quick charging at high voltage, when possible, charging efficiency is
much lower, although data is not yet available on this topic.
The efficiency of energy production at the power plant is calculated using two
inputs: theoretical heat rate, and actual heat rate. Both are expressed in btu/kwh.
Theoretical heat rate is 3,413 btu/kwh. In reality, however, much of the energy is lost to
heat, and an actual heat rate of about 9,000 BTUs of fossil fuel are needed to produce one
kwh of electrical power. Dividing the actual rate by the theoretical, only 38% of the fuel
results in electric power, while the remaining 62% is lost to heat and other inefficiencies.
The energy associated with production of electric vehicles (and all other vehicles
for that matter) is based on the embodied energy methodology proposed by researchers at
Oak Ridge National Laboratory.5 ' The energy consumed in all life cycle stages up to
assembly (e.g. mining, refining, transporting) is collapsed into this single term.
Embodied energy is given in btus/lb of material, and is multiplied by material weight to
yield the total energy required to bring a particular material to the point where it is ready
for incorporation into the vehicle.
Likewise, recovered energy (also given in btu/lb of material) is the energy that is
saved by recycling the material at the end of the useful vehicle life time. While this
energy is not "recovered" in the sense that energy is physically extracted from the
material, recycling of the material will decrease the demand for virgin material. The use
of the recovered energy approach assumes implicitly that all material that is amenable to
recycling will in fact be recycled and not landfilled. Such a situation is true at present, as
nearly 100% of the steel and aluminum in vehicles is currently recycled. However, if
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scrap prices fall due to market forces, it is entirely possible that a lower percentage of
material will be recycled.
The recovered energy approach also has the weakness that materials recycled from
scrap can not always substitute for virgin materials. Stamped sheet panels, for example,
must be made from extremely high quality material, and in many cases only virgin
material is satisfactory. Recycled material contains too many defects or has an improper
alloy composition. And since much of the metal expected to be used in electric vehicles
is sheet, the recovered energy approach is not completely accurate. However, automotive
scrap metal will in fact be used in other applications. This subject of "open loop
recycling" is under much debate, and no clear consensus has been reached as to how to
treat energy savings from materials recycling. The recovered energy assumptions
represent the maximum possible recovery, and this approach is used as an upper limit of
what is achievable through recycling.
The table below lists embodied energy and recovered energy for the important
automotive materials. In all cases, recovered energy is less than embodied energy, the
difference being that which is lost during the recycling process. Losses are due to
transportation, heat, and loss of material. Some materials, such as lead, have very little
loss, while others such as steel have high losses. The polymer materials offer no
recovered energy at all since they are generally unrecyclable in practice and inevitably
end up in landfills.
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The recycling process itself also consumes energy. Automobiles to be scrapped
(known as "hulks") are typically transported to a "shredder," which breaks the vehicle into
small pieces and sorts these pieces into material classes for recycling. A typical shredder
consumes 9.35 watt hours pound of vehicle hulk.52 From this assumption, the total energy
needed to shred a single hulk is calculated.
3.1.3. EV emissions assumptions
Emissions during vehicle operation are calculated using the methodology
established by the Swedish Packaging Institute.3 A single emission rate, in grams per
kwh, is established for each emission type. These emission rates are given below. The
lifetime energy requirement of 26 Mwh was calculated earlier in the energy model.
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As discussed earlier, the assumption of a constant emission rate for each emission
type is not entirely accurate for reasons of variation in the production source. Nuclear
fuel, for example, produces no airborne emissions during operation (except in the case of
a nuclear disaster). Wind power and hydro power likewise produce no emissions. Coal
and oil fired plants, on the other hand, have very high emission rates, especially for older
plants. Natural gas produces somewhat less emissions.5 4 A number of ongoing studies
address these differences in a rigorous and detailed manner. For the purposes of this
study, however, the average expected emission rates given above are sufficient. (The
results given in the next chapter show stark contrasts in emissions from one vehicle to the
next. The relatively minor inaccuracies in the emission rates given above will have little
impact on the results.)
Emissions resulting from the mining, production, and post use stages are based on
a previous study of a gasoline vehicle.55 Estimates for the emissions created during the
mining, refining, and manufacture involved in a lightweight, aluminum intensive vehicle
serve as a basis for electric vehicle production related emissions. As mentioned earlier, in
the optimistic case the electric vehicle is taken to be an all aluminum structure similar to
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the one in the previous study. The same mining, production, and post-use data is
therefore applicable, and is merely adjusted for differences in weight. The electric
vehicle is 80% of the weight of a comparable gasoline powered vehicle.
3.2. Conventional gasoline vehicle assumptions
Assumptions for the conventional vehicle are by far the least controversial of the
three vehicles under study. All of the data is available from manufacturers or from the
trade press. For purposes of comparison, mid-sized, compact, and sub-compact vehicles
were chosen as discussed in the Section 2.5. For simplicity and accuracy, three actual
vehicles were selected as representatives of these vehicle classes: a Ford Taurus
(mid-sized), a Ford Escort (compact), and a Ford Festiva (sub-compact). While none of
these is directly comparable to the base case electric vehicle, the three selected gasoline
vehicles demonstrate available products.
3.2.1. Gasoline vehicle cost assumptions
Although the prices of the three vehicles in question are advertised in any major
newspaper, the manufacturing cost is not easy to determine. Vehicle cost is generally a
closely guarded secret, and hence is difficult to ascertain directly. However, it is
estimated that for mid-sized cars, the manufacturing cost is roughly half of the purchase
price, while distribution, marketing, corporate overhead, and profit account for the
remainder. For smaller cars, we can assume that the gross margin is substantially smaller.
While these are rough estimates, they serve the purposes of this report. Manufacturing
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cost for sub-compact, compact, and full-sized vehicles are assumed to be $6,800, $8,800,
and $10,000, respectively.
Fuel cost is calculated based on the fuel efficiency of the vehicles, vehicle miles
driven, and fuel cost per gallon. Fuel efficiency was obtained from published data.56 Life
time miles driven is assumed to be 130,000 miles, and fuel cost is taken as $1.10 per
gallon.
3.2.2. Gasoline vehicle energy assumptions
The embodied energy and recovered energy approaches discussed above for
electric vehicles are used in the same manner here. Energy consumed in the operation of
gasoline vehicles is calculated from the fuel efficiency.
3.2.3. Gasoline vehicle emissions assumptions
As mentioned in Section 3.1.3., a previous study has already addressed the issue
of gasoline vehicle life cycle emissions. The study tracked emission inventories at all
stages of the vehicle life. Federal emissions guidelines during operation (given in
grams/mile) were multiplied by vehicle miles traveled to determine operating emissions.
While this "straight line" approach ignores degradation in emission rates due to aging of
emission control equipment, and it overlooks the minute to minute variation in emission
rates due to changes in engine temperature, it nonetheless serves as a good initial estimate
of operating emissions. In the absence of a more detailed methodology, this approach is
the best existing tool for calculating vehicle emissions.
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3.3. Ultra Low Emission Vehicle (ULEV)
For the purposes of this study, a ULEV is taken as a conventional gasoline vehicle
with the addition of an enhanced catalytic converter. Normally, when a car starts, its
catalytic converter is cold and fails to break down reactive emissions. As the catalytic
converter heats up over the course of roughly two minutes, exhaust gases pass untreated
out the tail pipe. Gradually, the converter begins to warm up and "light off' is achieved.
In some driving conditions, most of the harmful emissions produced on a typical trip are
caused during the first two minutes before light off. By quickly heating the catalytic
converter by means of an electric heater, the initial start-up emissions are reduced to the
steady state, post light off emission rate.
Several designs have been tested, the most promising of which is under
development at Coming's Environmental Products Division. A resistive heater, powered
by the car battery, is located directly before the catalytic converter in the exhaust stream.
Almost instantly after ignition, the device heats the exhaust gasses which then break down
in the catalytic converter. Gradually, the catalytic converter heats up and the electric
heater is switched off.
Although this design has been shown to be feasible in laboratory tests, the
incorporation of such a device into a working automobile is still untried. However, there
is little expectation of difficulty in this process.57
3.3.1. ULEV cost assumptions
The electrically heated catalyst under development at Coming differs from a
conventional catalytic converter only in the addition of a small resistive heating unit.
Electric Vehicle Policy Analysis 63 Russell Cohn
Coming's early and unofficial estimate of the cost of such a unit, in quantity, is $300. In
addition, additional wiring, electronics, and installation will be necessary. The total
additional cost of the heated catalytic converter is conservatively estimated at $500.
3.3.2. Energy assumptions
The insertion of an additional component into the exhaust stream increases exhaust
back pressure, which in turn lowers the efficiency of the engine. The exact reduction is
not yet known, as vehicle trials have not yet been conducted. Furthermore, designers and
engineers can decrease or increase the back pressure by altering the geometry of the
heating device. It is expected that efficiency, power, and emissions will all be optimized
subject to the complex interactions of the three. While the exact effect on efficiency is
unknown, a 5% decrease in fuel efficiency is assumed for the purpose of this study.
3.3.3. Emissions assumptions
The emissions requirement, as detailed in California's 1997 ULEV standard, are
stated in terms of grams per mile, and are not to exceed this level at any time during
operation, including start-up. The California ULEV requirements are as follows:
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As in the case of the conventional gasoline vehicle, a straight line assumption is
again used. The above emission rates are simply multiplied by vehicle miles traveled to
calculate total operational emissions. This assumption is more valid in the ULEV case,
since emissions will not vary significantly from minute to minute. In addition, newer
catalytic converters are more durable than the first generation, and will therefore vary less
from year to year as well.
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CHAPTER 4. RESULTS
The models discussed in Chapters 2 and 3 were used to calculate the life cycle
cost, energy, and emissions for the three vehicles and their derivatives. All of the relevant
calculations and outputs are given in the appendix. This chapter presents the relevant
results in a way that is both meaningful and simple.
4.1. Cost
The cost of the gasoline vehicle are shown in the figure below. As discussed in
Chapter 2, costs reflect only material cost, manufacturing cost, fuel, maintenance, and
disposal cost. For the purpose of clarity, disposal cost is subsumed in maintenance cost in
the figure below. Profit margin, corporate overhead, marketing, and other indirect cost
elements are not included in this study. The initial manufacturing cost represents the
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Figure 1. Gasoline vehicle life cycle costs.
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The figure below shows the cost results for ULEVs. They are roughly $1,000
more expensive than conventional gasoline vehicle for two reasons. First, the hot-start
catalytic converter was assumed to add $800 to vehicle cost. Second, this added
component, which lies in the exhaust stream, lowers engine efficiency and raises fuel cost.
Sub-compact Compact Mid-sized
Vehicle Class/Size
Figure 2. ULEV life cycle costs.
The cost of an electric vehicle body (which includes only the structure, exterior
panels, doors, hood, and trunk lid) was calculated based on the material, process, and
component data supplied by the manufacturer. Cost was found to be highly sensitive to
production volume, since high fixed costs are involved in the tooling for aluminum
stampings. The figure below shows the calculated body cost as a function of annual
production volume.
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Figure 3. EV body cost sensitivity to production volume
(includes structure, exterior panels, doors, hood, and trunk lid)
The electric vehicle cost for three scenarios is shown in the figure below. The
pessimistic, medium, and optimistic scenario are broken down into individual component
and life cycle stages for clarity. Battery cost is broken down further into initial battery
and additional battery costs. This distinction is made because the initial battery will most
likely be sold along with the vehicle, while the additional batteries will be purchased as
needed are therefore not included in the initial vehicle cost. The greatest difference
among scenarios is battery cost. This is because the specific battery cost falls, and the
number of additional batteries falls due to longer battery life. The pessimistic scenario
requires three full batteries during its life (i.e.. one initial battery and two subsequent
replacements), while the medium requires two and the optimistic scenario requires under
two,.


















Figure 4. Electric vehicle base case life cycle costs
Since battery cost is more likely to influence EV life cycle cost than any other
factor, a sensitivity analysis was performed on battery cost. The specific cost ($/kwh)
was varied from its current $300 down to $60, which is unimaginably low by even the
most hopeful projections. 8 All other assumptions are taken from the "optimistic" EV
scenario above. The figure below shows the results of the sensitivity analysis. Only the
initial battery and additional battery costs vary. Even at $60/kwh, life cycle cost remains
above $14,000.
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Figure 5. EV life-cycle sensitivity to battery specific cost
After batteries, the next largest cost is for the body "glider" which includes the
body structure, exterior panels, paint, tires, seats, airbag, and all other components not
related to the drive system. The EV glider is much more expensive than that of a
comparable gasoline powered vehicle because it is designed with weight and energy
savings in mind. Lightweight materials, such as aluminum and plastics are much lighter
then the usual steel, although these materials cost much more. Wheels and tire are
designed for low rolling resistance and weight, and these benefits come at a cost higher
than conventional parts.
The results of the three life cycle cost models are summarized in the table below.
For the purpose of comparison, only sub-compact vehicles are included.
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Table 10. Summary of life cycle cost analysis
vehicle type manufacture use recycle total
conventional gasoline (sub-compact) 6,800 3,487 -67 $10,220
ULEV (sub-compact) 7,200 3,600 -67 $10,733
EV (optimistic) 12,815 2,841 -57 $15,599
EV (medium) 18,850 5,132 -34 $23,947
EV (pessimistic) 25,187 12,850 -34 $38,003
EVs, on the whole, offer less rebate
and the ULEV. This is because of the high
$30 per ton. The ULEV is roughly $500
vehicle.
upon recycling than the
polymer content, which
more expensive than a
conventional vehicle
must be landfilled at
similar conventional
4.2. Energy
Based on the assumptions of Chapter 3, life cycle energy consumption was
calculated for the three vehicles in question. The results are shown in the figure below.
For consistency, only sub-compact versions of the gasoline vehicle and ULEV were
modeled. The energy consumed as fuel dominates life cycle energy use. The energy
required to extract, refine, and process the materials used to produce the vehicles
represent under 15% of the total life cycle energy consumption.
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Figure 6. Life cycle energy comparison (sub-compact vehicles only)
4.3. Emissions
The results of the emissions models are shown in the following six graphs.
Unfortunately there is no clear "winner." Each vehicle performs well in some emissions
categories and poorly in others. EVs have very high SOx and particulate emissions,
which relate to the coal and oil fired power plants which produce the energy to recharge
EV batteries. The conventional gasoline vehicle performs relatively poorly in CO, NOx
and hydrocarbons, as these are the predominant mobile source emissions. The ULEV
performs rather well in all categories except CO2 where it is slightly worse than the
conventional gasoline vehicle due to losses in efficiency from the enhanced catalytic
converter. Also, the ULEV's CO emissions are halfway between the conventional
vehicle's and the EV's.
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Figure 10. SOx emissions
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Figure 12. CO2 emissions














In addition to airborne emissions, solid emissions are created in the form of
landfill. At the end of the vehicles useful life, the vehicle is shredded and sorted by
material category. Nonmetallic materials, such as plastics are unrecyclable and have no
economic value. They are therefore sent to a landfill. The amount of landfill created by
each vehicle is merely the amount that went into the vehicle in the first place. The figure
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Figure 13. Landfill comparison
The pessimistic and medium EV scenarios assumed an aluminum and polymer
body structure. The plastic materials used in the body panels contribute greatly to the
landfill load. In the optimistic scenario, however, high production volume is assumed and
this volume justifies the fixed tooling cost involved in aluminum stamping. An all
aluminum body, then, is chosen for reasons relating to economies of scale. This material
choice eliminates much of the plastic material that would otherwise enter the landfill.
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The all aluminum EV contributes about as much landfill as a conventional gasoline
vehicle or a ULEV. This is because these three vehicles use plastics in identical
applications: dash board, controls, interior, bumpers, etc.
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CHAPTER 5. ANALYSIS
All of the data presented thus far compares one vehicle to another. However,
given that the vehicles have very different costs, it makes more sense at this point to
compare equal expenditures in one vehicle type against expenditures in another. This
chapter will build on the unit vehicle comparisons to yield a dollar comparison of
alternative vehicle policies.
Already it has been shown that ultimately consumers pay for the losses imposed
by any vehicle policy. Given this fact, difficult choices must be made to achieve an
optimal environmental outcome for a given amount of spending. Section 5.1 below
demonstrates how alternative vehicle policies are chosen, based on cost. Section 5.2.
illustrates how these alternative vehicle fleets compare along environmental lines.
5.1. Vehicle analysis
Section 4.1 gave the costs of EVs as significantly higher than the comparable
gasoline powered vehicle. These costs can be compared to the consumer acceptance
figures given in the Section 1.1.3.2. The pessimistic case was designed specifically to
represent 1998 circumstances. If automakers must sell electric vehicles in 1998, they
must begin to design and tool for then right now. The pessimistic EV scenario, therefore,
is comparable to the 1998 scenario of consumer acceptance for the purpose of this
comparison. The medium and optimistic EV scenario are likewise comparable to be the
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2001 and 2003 consumer scenarios. The following table shows how consumers'
willingness to pay for EVs compares to the calculated cost of EVs:
Table 11. Comparison of calculated cost to price consumers
are willing to pay for electric vehicles
price consumers are willing to Annual market
year pay as compared to calculated cost** loss per vehicle losst
conventional vehicle* (billions/year)
1998 10% premium to same price 372% premium $26,755-27,777 $2.6 to $2.8
2001 same price to 10% discount 234% premium $13,726-14,748 $3.4 to $3.7
2003 10% discount to 90% discount 153% premium $6,423-14,599 $3.2 to $7.3
* from Section 1.1.3.2.
** as compared to the subcompact gasoline vehicle which is calculated to cost $10,220
t Assuming a total regulated market of 5 million cars, with 2%, 5%, and 10% electric in
2001, 2003, 2005, respectively.
The above comparisons do not include indirect costs involved in selling a vehicle,
such as marketing, corporate overhead, or profit. These additional expenses apply to both
conventional vehicles and electric vehicles alike.
Annual market loss is calculated by multiplying the loss per vehicle times the total
market size for electric vehicles. Market size is assumed to be 2%, 5%, or 10% of the 5
million new vehicles sold annually in California and the Northeast states. Using the lower
bound of this loss estimate, a total of $16.8 billion will be lost on electric vehicles from
1998 through 2003 if the California regulations are adopted in both California and the
Northeast states in their current form. This loss will be paid by consumers either through
higher prices of other vehicles or higher taxes or both.
It is ironic that despite optimistic improvements in EV technology and cost, losses
rise rather than fall. This is due entirely to the fact that the CARB regulations call for
exponential expansion of the EV market.
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ULEVs, in contrast, are calculated to cost only about $500 more than conventional
gasoline vehicles. Assuming consumers are willing to pay no more for ULEVs than other
gasoline vehicles, a loss of $500 per vehicle will result. If the entire California and
Northeast market of 5 million new vehicles annually were ULEVs, a loss of $500 x 5
million = $2.5 billion would result, which is less than the estimated annually loss for EVs
under any scenario.
The emissions results presented in Chapter 4 raise the issue of valuation discussed
in Section 2.2. There is no "clear winner" in the sense that none of the three vehicles
outperforms the other two in all emissions categories. Nor is there a single vehicle that is
outperformed by another in all emissions categories. EVs, while producing less of the
smog creating agents (CO, NOx, and hydrocarbons) produce more of the one emission
known to contribute to acid rain (SOx). ULEVs, while producing less of the smog
creating and acid rain related emissions, emit more CO2 which is thought to add to global
warming. Thus it is impossible to conclude that any vehicle choice is inferior or superior
to any other on the basis of emissions without some implicit assumption about the relative
importance or value of one emission category to another. As discussed in Section 2.2, no
consensus has been reached on such a value system.
The emissions models do not address the regional differences in emissions. Both
gasoline vehicles and ULEVs pollute at the vehicle location, while EV emissions are
created only at the power generation location which is sometimes far from the urban
environment most affected by air quality problems. It is possible that although EVs won't
reduce overall emission levels, they will at least transfer emission out of urban areas and
into areas with fewer inhabitants. However, there is even some doubt that EVs will
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improve urban air quality. Other researchers, using the federal Mobile5 emissions model,
have been unable to show that the introduction of EVs, in compliance with California's
mandates, will improve the overall emission of the automotive fleet.5 9
The life cycle energy models of the previous chapter indicate that EVs will use
roughly 15% less energy than either conventional gasoline vehicles or ULEVs. However,
EVs will probably not offer air conditioners due to power limitations. Perhaps the same
energy savings could be achieved in regular gasoline vehicles by removing the air
conditioners.
Landfill presents a far more troubling problem. If EVs are made in the pessimistic
or medium scenario, they will eventually contribute 367% more ASR to landfills than
conventional vehicles. At best, this will result in a heightened burden on existing landfills
and the communities and habitats that surround them. At worse, the increase in ASR may
force auto shredders out of business and devastate the current automotive recycling
infrastructure. However, if EVs are made with all aluminum bodies, as in the optimistic
case, then there will be little added ASR as compared to conventional vehicles.
5.2. Fleet analysis
The results and discussions up to this point have focused entirely on comparisons
between single vehicles. One EV, for example, is compared to one ULEV. However,
since EVs and ULEVs have different costs, a comparison of equal expenditures is more
insightful. A comparison of fleets takes into account the possibility that EVs or ULEVs
may be present in different numbers. The table below presents the life cycle results for
four possible fleet compositions. The first fleet is composed entirely of conventional
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gasoline vehicles as they exist today. The second fleet contains 10% electric vehicles and
90%c conventional vehicles, and it is assumed that these vehicles are of the optimistic
scenario. The third fleet contains 50% ULEVs and 50% conventional vehicles, while the
last fleet is composed entirely of ULEVs.
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The fully conventional fleet has a lower




in costs of EVs, as noted
earlier, is due to uncertainty regarding the price consumers are willing to pay for EVs.
The ULEV fleets, in comparison to the EV fleet, produce more CO2, although the ULEV
fleets are more desirable in all other categories. The following table compares ULEV
fleet life cycle outputs to those of the EV fleet. These results were obtained by
subtraction of ULEV results from EV results from the table above.























































































































The fleet composed of 100% ULEVs costs from 0.4 to 6.8 billion dollars less than
a fleet composed of 10% EVs. This same fleet produces less of every emissions except
for CO2. Even a fleet composed of only 50% ULEVs (with the remaining 50%
conventional gasoline vehicles) outperforms the EV fleet in every category except for
CO 2.
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CHAPTER 6. CONCLUSIONS
Electric vehicles hold great promise in reducing the environmental impact
associated with transportation. However, their cost remains substantially higher than
conventional vehicles and ULEVs. The higher cost is primarily due to battery cost, the
cost of high power electronics, and the cost of light weight vehicle construction. And
because of their limited range and convenience, EVs must be priced below comparable
gasoline if manufacturers are to sell enough of them to meet California's 2001 and 2003
fleet sales mandates. While it is entirely possible that future technology and production
experience will improve EV cost and range, there is no clear evidence of such advances,
despite decades of research and billions of dollars spent on research and development.
The analysis presented in this report indicates that EVs will result in a $6,400 to
$28,000 loss per vehicle. Optimistic assumptions are made regarding EV cost and
performance in the coming years. This loss must be paid by vehicle manufacturers or by
government agencies in the form of subsidies. In either case, consumers will bear the
ultimate burden of the loss either through higher prices of other vehicles or higher taxes.
The wide range of the calculated loss is due to the uncertainty of how much consumers
will be willing to pay for EV.
ULEVs, in contrast, will cost only $500 more than conventional vehicles on a unit
basis. Given the wide disparity in cost, more ULEVs than EVs can be produced and sold
for the same dollar loss. In fact, it is estimated that the cost of California's EV regulations
of 2% of sales in 1998, 5% of sales in 2001, and 10% of sales in 2003 would be slightly
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more expensive than a mandate which requires that 100% of vehicles produced to meet
ULEV specifications.
A fleet composed entirely of ULEVs is in many ways more desirable to a fleet
composed of 10% EVs. All environmental attributes, with the notable exception of CO2,
are reduced with a ULEV only fleet. Even a fleet of only 50% ULEVs yields the same
result.
ULEVs will never eliminate emissions entirely. However, the same must be said
of EVs due to power plant emissions. ULEVs, however, are so much less expensive that
they can replace the entire new sales fleet for less than the cost of selling a small number
of EVs. While EVs may have seemed like an ideal solution to environmental problems, it
is clear that their higher cost is a significant obstacle to their large scale adoption. For this
reason, policy makers should consider alternative approaches, such as ULEVs, before
committing large sums of money to a strategy which may not result in significant savings
in energy consumption and emissions production.
Continued research in battery technology may some day produce the breakthrough
necessary for EVs to compete successfully on the market. For this reason, further
research is of course desirable. However, it is clear that the production of a feasible and
environmentally beneficially electric vehicle is remains an elusive endeavor as compared
to alternatives which rely on established technology.
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CHAPTER 7. FUTURE WORK
While this report demonstrates that ULEVs provide substantial and undeniable
benefits over EVs, a great deal of uncertainty remains in the more general area of vehicle
policy analysis. One area of research remains of vital importance in understanding the
impact of future vehicle emissions reduction policies. The impact of emissions on air,
people, and wildlife deserves far more attention, as it is the only area which is not well
documented.
While less of a harmful substance is of course preferable to more, the extent of the
benefit is unknown. Future policy choices may be less distinct in that their emissions
rates may be roughly comparable. As more and more optimal approaches are
investigated, it is likely that the results will become more and more competitive. At such
a time it will be very difficult to make optimal decisions using the simple assumptions and
methodologies presented here.
Models such as Mobile5 and EMFAC7 attempt to model the emissions created by
a number of vehicle fleets. However, these models fail to incorporate important activities
such as power plant energy production, vehicle production, and recycling. Furthermore,
the models give no insight into the ways in which the emissions interact with each other,
with other elements of nature, and with people. Further research in this area will no doubt
clarify the environmental impact of vehicle emissions.
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APPENDIX
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ELECTRIC VEHICLE COST MODEL: Body Only
Materials Systems Laboratory Russell Cohn 1994
Annual Production Vo 20 (000)/yr
pg part name
B door inner panels (combined left & ri!
C door outer panels (combined left & ri,
D hood outer
E deck lid outer
48 other SMC parts
F rocker covers (combined left & night)
G quarter panels (combined left & right
H front fascia
I fenders (combined left & right)
5 other injection moldings
J door rings (combined left & right)
K dash panel
62 other stampings
L tunnel torque boxes
M rocker inners (combined left & right)
38 other extrusions
































SMC comp mold 13.0
SMC comp mold 17.0
SMC comp mold 5.8
SMC comp mold 3.5
SMC comp mold 14.7
thermoplasinjection mtol 4.2
RRIM injection mtol 7.8
RRIM injection mtol 5.4
RRIM injection mol 3.8









aluminum press brake 7.7
aluminum press brake 8.1
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ELECTRIC VEHICLE LIFE CYCLE COST ANALYSIS




North East sales (vehicle/yr)
Total regulated market (sales/year)
Market share of single producer
Volume for single maker/model (/yr)
Miles traveled (/yr)






































Longevity at 80% DoD (cycles)
Energy efficiency (miles/kwh)
Desired range (miles/recharge)
Battery energy storage requirement (kwh
Battery weight
Battery packs needed per life
Battery changing cost
Initial battery cost




































































AC induction AC induction
$550 $300



















Wire harness (low voltage only)
Total electronics cost













Nominal aluminum disposal cost (rebate)
Landfill tipping fee ($/ton)
Landfill weight
Nominal landfill cost
Nominal disposal cost (rebate)





















































































































































GASOLINE VEHICLE LIFE CYCLE COST ANALYSIS
















































Landfill tipping fee ($/ton)
Landfill weight
Landfill cost
Nominal disposal cost (rebate)

































































ULEV LIFE CYCLE COST ANALYSIS
Materials Systems Laboratory Russell Cohn 1994
Gasoline
Vehicle type Sub-compact
Stage of development 1993
Life time (years) 10
Non-ULEV manufacturing cost $6,800
Added cost (heated catalyst, etc.) 400
ULEV manufacturing cost 7,200
Curb weight (Ibs) 1,800












































Landfill tipping fee ($/ton)
Landfill weight
Landfill cost
Nominal disposal cost (rebate)













































































































































Operation Driving energy use (wh/mile)




Theoretical heat rate (btu/kwh)
Actual heat rate (btu/kwh)
Total operation energy (kwh)
Total operation energy (BTU)
Recycling Energy consumption (wh/hulk lb)
Curb weight (lb)
Dismantled component weight (It
Hulk weight (lb)
Energy per hulk (wh)







































































GASOLINE VEHICLE (sub-compact) LIFE CYCLE ENERGY ANALYSIS





























































































ULEV (sub-compact) LIFE CYCLE ENERGY ANALYSIS




























































































Materials Systems Laboratory Russell Cohn 1994
Total Life-Cycle Average VMT 128,075
Mining and refining (g)
Production (g)
Tailpipe Emissions (g/mile)
Tailpipe Emissions (total use)
Post Use (g)
TOTAL
Mining and refining (g)
Production (g)
Tailpipe Emissions (g/mile)








































































Weight as percent of Al Taurus:
Use energy consumption (kwh)
Mining and refining (g) I
Production (g)
Power generation emissions (g/kwh
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